In 2004, Fluor Hanford, Inc. (FHI) drilled several groundwater wells within the 200-UP-1 operable unit to monitor plumes that have been the focus of past remediation activities. Thirteen cores taken from three wells (699-30-66, 699-36-70B, and 299-W19-48) were sent to the Pacific Northwest National Laboratory (PNNL) for characterization and quantification of contaminant retardation. These cores were 4 inches in diameter by 6 inches in length, and were collected from depths near the unconfined-aquifer surface (water table) to locations approximately 150 to 180 feet below the water table. Additionally, in 2005 and 2006, FHI drilled several groundwater wells within the 200-ZP-1 operable unit to monitor plumes that have been the focus of past remediation activities. Twelve cores from split-spoon sampling of four of the wells (299-W11-43, 299-W11-86, 299-W14-71, and 299-W14-72) were sent to PNNL for quantification of carbon tetrachloride (CCl 4 ) sorption. These cores were 4 inches in diameter by 6 inches in length, and were collected from depths near the unconfined aquifer surface (water table) to locations approximately 450 feet below ground surface.
Summary
In 2004, Fluor Hanford, Inc. (FHI) drilled several groundwater wells within the 200-UP-1 operable unit to monitor plumes that have been the focus of past remediation activities. Thirteen cores taken from three wells (699-30-66, 699-36-70B, and 299-W19-48) were sent to the Pacific Northwest National Laboratory (PNNL) for characterization and quantification of contaminant retardation. These cores were 4 inches in diameter by 6 inches in length, and were collected from depths near the unconfined-aquifer surface (water table) to locations approximately 150 to 180 feet below the water table. Additionally, in 2005 and 2006, FHI drilled several groundwater wells within the 200-ZP-1 operable unit to monitor plumes that have been the focus of past remediation activities. Twelve cores from split-spoon sampling of four of the wells (299-W11-43, 299-W11-86, 299-W14-71, and 299-W14-72) were sent to PNNL for quantification of carbon tetrachloride (CCl 4 ) sorption. These cores were 4 inches in diameter by 6 inches in length, and were collected from depths near the unconfined aquifer surface (water table) to locations approximately 450 feet below ground surface.
Prior to this work, no site-specific adsorption data (i.e., values of distribution coefficient [K d ]) were available for the sediments or key contaminants present in the 200-UP-1 or 200-ZP-1 operable-unit groundwater plume. Selected physical and chemical characteristics of the sediments were determined (e.g., moisture content, particle size, specific surface area and carbon content). Site-specific sorption data for CCl 4 , with contact times from three to five days, was obtained with the < 2 mm size fractions of uncontaminated sediments taken from these boreholes and the partition coefficients (K d ) determined. The magnitude of K d values was evaluated in the context of selected sediment characteristics and values of CCl 4 K d used in past Hanford assessments.
Organic carbon content, known to influence the magnitude of K d values, was low in all sediments ranging from 0.02% to 0.04% in the less than 2 mm fraction. In some of the sediments, organic carbon content was below detection. Silt and clay surface areas ranged from 2 to 25 m 2 g -1 .
The 
Introduction
Volatile chlorinated hydrocarbon compounds are major constituents contaminating groundwater at U.S. Department of Energy (DOE) installations in the United States (Riley and Zachara 1992) . A notable example is a plume at DOE's Hanford site, where 9.8 square kilometers of groundwater is contaminated with carbon tetrachloride (CCl 4 ) at a level that exceeds the U.S. Environmental Protection Agency's (EPA) drinking-water standard of 5 µg L -1 (Hartman et al. 2007 ). Because of the absence of site-specific experimentally derived data, past assessments addressing the transport of CCl 4 in Hanford groundwater have assumed advective transport (i.e., 0 L kg -1 partition coefficient value [K d ] in the transport model) or estimated values of K d based on non-Hanford data (Chiaramonte et al. 1996; Bergeron and Cole 2004; Truex et al. 2001) . 
Sediment Characterization

Sediment Moisture Content
Gravimetric water content of sediment samples was determined using an approved PNNL procedure based on the American Society for Testing and Materials (ASTM) procedure Test Method D2216-98 (ASTM 1998). Representative duplicate subsamples of at least 20 to 80 grams were taken from each core. Sediment samples were placed in tared containers, weighed, and dried for at least 24 hours in an oven at 105°C (221°F) until constant weight was achieved. The gravimetric water content was computed as the percentage change in soil weight before and after oven drying.
Bulk Fraction Distribution Analysis
Dry-sieving and hydrometer methods were used to determine the particle-size distribution for selected core samples. The method is based on the American Society for Testing and Materials procedure Standard Test Method for Particle-Size Analysis of Soils (ASTM 2002) . The silt and clay, sand, and gravel-size fractions were separated by sieving. The weight percentage of silt-and-clay-size fractions was determined from Stokes' law settling velocities.
Particle density was determined on oven-dried <2 mm fractions using the "Pychnometer Method," as described in American Standards Association (ASA) (1986b) Part 1, Method 14-3. The particle density is an input needed to determine the particle size when using the hydrometer method.
Specific Surface Area
Specific surface area was measured based on the multi-point Brunauer-Emmett-Teller krypton (N 2 )-adsorption method (BET) (Brunauer et al. 1938) , using a Quantachrome Autosorb-6B gas sorption system. Grab samples, approximately 0.5 grams, of each of the materials (i.e., the alumina standard, sediment samples) were weighed and placed in tared sample flasks. Flasks containing the samples were heated to 100°C and placed under vacuum (3 µm Hg) for 24 hours. A vacuum was pulled on the sample flasks for 24 hours to remove all physi-sorbed contaminants from the mineral surfaces and provide a clean, solid surface onto which a monolayer of gas molecules would absorb. The surface area for the sediments was then determined by the adsorption of N 2 on the surface of the sample by:
where V a = quantity of gas adsorbed at pressure (P) V m = quantity of gas adsorbed to form a complete monolayer P o = saturation pressure of the gas
The values of V m and C are determined by a regression line of the adsorption isotherm plotted 3.1 3.2 with P/V a (P o -P) versus P/P o . The specific surface area of a solid is determined by (Sing et al. 1985 
Total/Inorganic Carbon Analysis
The carbon content of the sediment samples was determined (in duplicate) using ASTM Method D4129-88, Standard Methods for Total and Organic Carbon in Water by High-Temperature Oxidation and by Coulometric Detection (ASTM 1988) . Total carbon in all samples was determined using a Shimadzu TOC-V Total Organic Carbon analyzer with combustion at approximately 980°C (1796°F).
The inorganic carbon content of sediment samples (also performed in duplicate) was determined using a Shimadzu TOC-V Total Organic Carbon Analyzer. Soil samples were weighed on a four-place analytical balance and then placed into acid-treated glass tubes. Following placement of sample tubes into the system, a one-minute waiting period allowed the ultrapure-oxygen-carrier gas to remove any carbon dioxide introduced to the system from the atmosphere. Inorganic carbon was released through acidassisted evolution (50% hydrochloric acid) with heating to 200°C (392°F). Samples were completely covered by the acid to allow full reaction to occur. Ultrapure-oxygen gas swept the resultant carbon dioxide through the equipment to determine inorganic carbon content by coulometric titration. Sample titration readings were performed five minutes following acid addition and again once stability was reached, usually within 10 minutes. Background values were determined and known quantities of calcium carbonate standards were analyzed to verify that the equipment was operating properly. Inorganic carbon content was determined through calculations performed using the microgram-per-sample output data and sample weights.
Organic carbon was calculated as the difference between the measured total and inorganic carbon.
Sorption Test Method
Accelerated Solvent Extraction of Sediments
A DIONEX accelerated solvent-extraction system (ASE-200) was used for the extraction of residual volatile organic compounds from the sediments using methanol as the extraction solvent. Each sample of sediment was placed in an 11-millileter stainless-steel sample tube, capped at both ends. Both caps had small openings, one to deliver methanol into the tube through the needle and to remove methanol extract. To prevent losses of solutes through the openings, each sediment sample was sandwiched between two layers of clean Ottawa sand. Normally, 13 to 15 grams of the sand was placed at the bottom of the tube, followed by about 20 grams of wet sediment and, on top of the sediment, another 13 to 15 grams of the sand. Tubes were placed in the rotating tray of ASE-200 and heated to 40°C (104ºF). Upon reaching 40°C (104°F), 5 milliliters of methanol was injected under pressure into each tube. Following injection, tubes were held five minutes at 40°C (104°F). Following the five-minute hold, methanol, under the high pressure of ultra-high-purity nitrogen, was displaced from the tube and collected in 60-milliliter vials. This cycle was repeated three times. The volume of the extract ranged from 12 to 14 milliliters, depending on the dryness of the sample.
Recovery of CCl 4 from sediments using accelerated solvent extraction was determined for extraction temperatures ranging from 40°C (104°F) to 100°C (212°F). It was found that 40°C (104°F) was optimal for the extraction of CCl 4 . Recovery of aqueous solutions of CCl 4 spiked into sediments was between 82 and 101%, depending on the type of soil.
Analysis of Aqueous Samples by Gas Chromatography-Mass Spectrometry (GC-MS)
The GC-MS was conducted according to standard technical procedures developed by the Pacific Northwest National Laboratory. The water samples were diluted 400-500 times in boiled Milli-Q water and analyzed with a Hewlett Packard 5890 gas chromatograph, fitted with a purge and trap system (P&T, O.I. Analytical, Model 4660), with photoionization (PID, Model 4430) and electrolytic conductivity (ELCD, Model 5320) detectors. Solute compounds were separated on a 105 meter by 0.53 millimeter megabore capillary column (Restek Corporation) and quantified using a four-point calibration. Calibration standards were prepared from a commercial standard consisting of 14 volatile hydrocarbons in methanol (Restek corporation, 502.2 Calibration Mix #2).
Determination of Distribution Coefficient
Values of K d were determined in batch experiments for eight sediment samples collected from the ZP-1 Operable Unit. K d values were calculated using measurements of CCl 4 in aqueous solution by gas chromatography-mass spectrometry (GC-MS). The sorbed concentration was determined by mass balance, assuming that differences between C o and C f were due to sorption of CCl 4 to the sediments (ASTM 2001; 2004) . The distribution coefficient, K d , is defined as: 
Data Analysis
Data from the adsorption experiments were fit with linear, or C-curve, adsorption isotherms. The linear equation has the form (Sparks 1995; Sposito 1989):
where S e = amount of contaminant adsorbed per unit weight of solid (μg Kg -1 )
C e = final concentration of contaminant in solution (μg L -1 )
Linear regression analysis was conducted through zero, and K d values were determined from Equation 2. The experimental uncertainties, 2σ, were calculated using the estimated uncertainty of each measurement and the standard deviation between two measurements for each reported value.
Results and Discussion
Physical and Chemical Sediment Characteristics
Moisture Content
All samples of this study were collected from the saturated zone and, therefore, are expected to have high moisture contents. Moisture contents averaged approximately 25 wt% (Table 5 .1). A plot of gravimetric moisture content as a function of silt and clay content illustrates the relationship between these two parameters ( Figure 5.1) . With one exception, all values of moisture content fall within the 95% confidence interval (CI) relating an increase in moisture content to increase in silt and clay content. The upper Ringold unit sample B1JXB1 contained the lowest moisture content, which was attributed to the high gravel and sand content of this sample. Sediment sample B1D7M3 had apparently higher moisture content. This is attributed to the fine-grained texture of the sand comprising this sediment. 
Particle Size and Density
Figure 5.2 depicts the particle-size distribution for sediment core samples. Samples B1D7M3, B1JXK5, and B1JXK6 had similar particle-size distribution, where > 80% of the total mass could be accounted for in the < 2 mm or lower size range. The remaining core samples-B1JXB1, B1JXJ6, B1JXJ7, B1JXK0, and B1JXK1-displayed a comparable size distribution with 40 to 60% of the mass in the 2-mm-and-lower particle-diameter range. A similar distribution profile behavior has been observed for other Hanford aquifer sediments (Riley et al. 2005) . Particle size distributions of the selected sediment samples are presented in Table 5 .2. The < 2 mm sediments are predominantly a sand-silt mixture with minor clay fractions, up to approximately 10%. Most of the samples are gravel-and sand-dominated sediments, except B1JXK5 (Deep Ringold E) and B1JKX6 (Ringold Lower mud) collected from well 299-W14-72. Because of the fine-grained nature of the mud, fine-grained sand and silt were the dominant particle sizes in the samples.
The other samples are typical gravel-and sand-dominated Ringold Unit E formation, consistent with other geologic characterizations previously published (Bjornstad 1990; Connelly et al. 1992; Delaney et al. 1991; Fecht and Weekes 1996; Lindsey et al. 1994; Slate 2000; Williams et al. 2002; Wood et al. 2001 ). 
Carbon Content
For those sediments containing measurable amounts of organic carbon, 200-ZP-1 sediments contained 0.02% to 0.04% organic carbon. Sediments from the previous study (200-UP-1) contained similar levels or organic carbon (Table 5 .4). Comparable to one sample from the previous 200-UP-1 study (B19137), which contained 0.22% inorganic carbon (equivalent to 1.83% calcium carbonate), sediments B1JXJ7 and B1JXK0 contain 0.29% and 0.30% inorganic carbon, equivalent to 2.41% and 2.50% calcium carbonate respectively. Um et al. (2005) attributed the higher carbon content to the calcite content, originally present in these relatively old Ringold Unit sediments at their time of emplacement, being dissolved over the millennia by percolating groundwater, if the groundwater was unsaturated with respect to carbonate-bearing minerals. Moreover, today the 200-UP-1 groundwater within the Ringold Formation, based on geochemical modeling, is close to equilibrium with calcite and dolomite. Thus, either carbonates were removed in the past or the Ringold sediments may have been low in calcium carbonate content at the time of deposition. Plots of concentration of CCl 4 sorbed to sediment versus concentration in solution for the < 2 mm fraction of sediments B19137, B19140, and B19377 from the previous 200-UP-1 study are shown in Figure 5 .3. Sorption of CCl 4 was linear over the concentration ranges, C e , of 15 to 400 μg L -1 and 400 to 2500 μg L -1 . All sediments displayed approximately the same degree of affinity for the sorption of CCl 4 . Organic carbon serves as the dominant sorbent for organic contaminants within sediment matrices. The organic carbon content of all three sediments was approximately equal, 0.02% -0.04%, which is consistent with the low values of K d observed. However, initial adsorption of CCl 4 on sediment B19377, which is dominated by silt-sized particles, was two times greater than that measured for B19137 or B19140 (Table 5 .5). It is hypothesized the high surface area of the silt particles within sediment B19377 affords rapid interaction with CCl 4 , resulting in an initial increase in adsorption relative to the sediments containing a higher portion of coarser particles. Sediment K d did not show any correlation with sediment surface area. 
200-ZP-1 Operable Unit Sediments
Sediment-free controls indicated there was no loss of CCl 4 to the vials. The CCl 4 -free suspensions indicated that the C o solution was the only source of CCl 4 . The 95% confidence interval for the calculated K d values are shown in parentheses in Table 5 .6. a. For CCl 4 concentrations < 6000 μg L -1 , there were no apparent differences in CCl 4 sorption by the sediments ( a). However, sorption of CCl 4 was generally greater in sediments containing higher organic carbon contents in the presence of CCl 4 concentrations > 6000 μg L -1 ( a-c). The noted exception to this is sediment B1D7M3, which displays comparable sorption of CCl 4 to sediments with ≥ 0.03% organic carbon. The reason for this seemingly anomalously high value is not evident based on measured physical and chemical properties of the sediments of this study. Sediment K d did not show any correlation with sediment surface area. 
Discussion
Sorption and desorption of organic contaminants by sediments is generally bimodal, in that it occurs via two stages-an initial fast sorption period occurring on the order of minutes to days (phase 1) and secondary slow sorption stage occurring over weeks to years (phase 2) (Luthy et al. 1997; Pignatello and Xing 1996) . Sorption of CCl 4 to sediments from 200-UP-1 displayed an apparent bimodal behavior. Phase 1 behavior was represented by K d values of 2.42 x 10 -4 L kg -1 to 3.20 x 10 -4 L kg -1 . Phase 2 behavior was represented by K d values approximating 3.00 x 10 -3 L kg -1 ; an order of magnitude greater than phase 1 values of K d . Phase 1 adsorption of CCl 4 is suggestive of partitioning between the interfacial phase and the bulk solution without any specific bonding between the adsorbent and adsorbate (Sparks 1995) . A conceptual model that would explain bimodal behavior is that the maximum concentration of CCl 4 rapidly saturated the limited number of adsorption sites associated with the organic carbon fraction. Subsequently, excess CCl 4 , coupled with a contact time of five days, allowed slower incorporation processes to occur (e.g., intraparticle diffusion), which can increase the apparent sorption distribution coefficient by 30% to 10-fold (Pignatello and Xing 1996) . . Contrary to this, the surface area associated with the silt and clay fraction of B1JXB1 is 50% lower (Table 6 .1). Thus, it is hypothesized a minimum silt and clay surface area and/or particle content, in combination with organic carbon, is necessary to observe bimodal sorption behavior of CCl 4 in short-contact batch tests. (Truex et al. 2001) and the transport and fate of CCl 4 in Hanford groundwater (Chiaramonte et al. 1996; Bergeron and Cole, 2004) . Historically applied values have been estimated using organic carbon partition coefficients derived from soils with organic carbon contents similar to those of Hanford soils (Truex et al. 2001) (Riley et al. 2005) . K d values determined in the desorption study were roughly three to four orders of magnitude higher than those described in this study. These data are scientifically defensible alternatives for application in future Hanford assessments. This includes an alternative to the most conservative assumption of complete advective transport of CCl 4 in Hanford groundwater (i.e., application of a 0 L/kg value of K d ). A most recent application of the experimentally derived desorption K d values (Riley et al. 2005) was to the estimation of CCl 4 inventory in 200 West Area's unconfined aquifer (Murray et al. 2006 ).
Conclusions
The 200-UP-1 sediments of this study had measurable organic carbon contents of 0.02% to 0.04%, typical of Hanford aquifer sediments. The organic carbon content of some of the 200-ZP-1 sediments was below the level of detection. . The degree of sorption is frequently correlated with the organic carbon content and fine-textured fraction (e.g. silt or clay fraction) of sedimentary matrices, which contains the highest percentage of reactive surface sites. Bimodal sorption behavior of CCl 4 in this investigation correlated with organic content but not with bulk or fraction-specific sediment surface area. Values of CCl 4 K d for 200-UP-1 sediments were an order of magnitude higher than those observed for 200-ZP-1 sediments, even though the organic carbon content of the sediments compared were similar. It is possible the shorter contact time for 200-ZP-1 sediments limited the occurrence of slower sequestration processes (e.g., intraparticle diffusion). Alternatively, the difference may be attributed in part to the higher silt and clay contents of the 200-UP-1 sediments. These data contribute to a larger K d database associated with Hanford sediments. The experimentally derived K d values of this study are defensible alternatives to the most conservative assumption of complete advective transport of CCl 4 in Hanford groundwater (i.e., application of a 0 L/kg value of K d ) for application in future Hanford assessments.
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